ABSTRACT: Clickable nanogel solutions were synthesized by using the copper catalyzed azide/alkyne cycloaddition (CuAAC) to partially polymerize solutions of azide and alkyne functionalized poly(ethylene glycol) (PEG) monomers. Coatings were fabricated using a second click reaction: a UV thiolyne attachment of the nanogel solutions to mercaptosilanated glass. Because the CuAAC reaction was effectively halted by the addition of a copper-chelator, we were able to prevent bulk gelation and limit the coating thickness to a single monolayer of nanogels in the absence of the solution reaction. This enabled the inclusion of kosmotropic salts, which caused the PEG to phase-separate and nearly double the nanogel packing density, as confirmed by quartz crystal microbalance with dissipation (QCM-D). Protein adsorption was analyzed by single molecule counting with total internal reflection fluorescence (TIRF) microscopy and cell adhesion assays. Coatings formed from the phase-separated clickable nanogel solutions attached with salt adsorbed significantly less fibrinogen than other 100% PEG coatings tested, as well as poly(L-lysine)-g-PEG (PLL-g-PEG) coatings. However, PEG/albumin nanogel coatings still outperformed the best 100% PEG clickable nanogel coatings. Additional surface cross-linking of the clickable nanogel coating in the presence of copper further reduced levels of fibrinogen adsorption closer to those of PEG/albumin nanogel coatings. However, this step negatively impacted long-term resistance to cell adhesion and dramatically altered the morphology of the coating by atomic force microscopy (AFM). The main benefit of the click strategy is that the partially polymerized solutions are stable almost indefinitely, allowing attachment in the phase-separated state without danger of bulk gelation, and thus producing the best performing 100% PEG coating that we have studied to date.
■ INTRODUCTION
While materials including polyoxazolines 1 and betaines 2 have garnered significant attention as biocompatible coatings, PEG is still widely used for the surface modification of materials requiring "inert" or specifically defined interactions with biological environments. Strategies for incorporating PEG have evolved from covalent grafting of linear or star-shaped chains 3, 4 and adsorption of block copolymers 5 to surfaceinitiated polymerization of patterned brush coatings 6 or microscopically thin hydrogels, 7 and deposition of preformed hydrogel particles. 8−11 However, advances have not kept pace with the demands of implantable biomaterials as well as in vitro diagnostics, 9, 12 both of which remain limited by the lowest levels of protein adsorption achievable. 13, 14 PEG coatings derived from microgel or nanogel solutions allow convenient means to create dense yet thin hydrogel coatings (<100 nm), to enhance areal coverage on surfaces with sparse covalent attachment sites, and to create modular surface assemblies. Most often, microgel solutions are fabricated using free radical polymerization with PEG-diacrylates, 10, 15, 16 although examples formed from addition polymerization of macromers have been well reviewed. 17 Microgel size is typically determined by the surfactant added to produce aqueous emulsions 10, 18 or inverse emulsions, 11, 19 although solutions of nanogels or small microgels have been fabricated without the use of surfactants or organic solvents altogether. 8, 20 Relatively fewer examples exist of microgel solutions applied as surface coatings compared to their applications as drug delivery vehicles. Libera et al. developed several examples of such coatings including PEG-amine microgels cross-linked in situ in the dry state with an electron beam 21 and PEG-diacrylate/ acrylic acid microgel solutions electrostatically deposited on PLL. 11 Lyon et al. also created various microgel compositions of PEG and pNIPAm to allow thermal collapse of the microgels. 15 These microgel solutions have been attached to amino-silanated glass via EDC coupling or electrostatic interactions after centrifugation or spin coating. 10, 22 In a unique approach Norde et al. studied protein adsorption and bacterial adhesion to a coating of PEG-coated silicon nanoparticles that were electrostatically deposited and crosslinked to each other with PEG-diacrylate to provide a more mechanically robust coating. 16 We previously demonstrated multiple rounds of resistance to in vitro fibrinogen-promoted cell adhesion of thin coatings produced from PEG nanogel solutions 8 and quantified lower numbers of individually adsorbed proteins when compared to other popular surface coatings, including covalently coupled monolayers of: bovine serum albumin (BSA), BSA/gelatin, dextran, linear polyacrylamide, glucose, IgG, linear PEG, and multiarm PEG. 12, 23 Interestingly, a hybrid nanogel coating of PEG cross-linked with BSA outperformed a 100% PEG nanogel coating, although a monolayer of eight-arm PEG was shown to be more repellent than a monolayer of BSA. 12 While the mechanism behind this phenomenon remains unknown, elimination of the albumin component remains desirable for implantable biomaterials due to possible immunogenic responses 24 and gradual degradation of the protein. Here, we illustrate methods for the attachment of clickable 100% PEG nanogel solutions that significantly improve the coating's resistance to protein adsorption, as measured by single molecule counting.
Numerous chemistries have been employed to expand the versatility of PEG end group functionalities and conjugation strategies. "Click" chemistry has become immensely popular for aqueous bioconjugations due to the high yields that are quickly achievable under mild physiological conditions. 25 Because these reactions tend to be highly specific and exclude native biomolecules, they may be incorporated orthogonally with various other reactive groups allowing construction of more sophisticated and highly functionalized biocompatible materials. 26 Despite toxicity concerns for using copper in biological applications, CuAAC remains the most popular click reaction, and PEG polymers are frequently modified with these functional groups. 27 Alternatively, a variety of cyclooctynes have been designed by Bertozzi et al. and implemented in strain-promoted azide/alkyne cycloadditions (SPAAC) in order to obviate the need for a copper catalyst. 28 Additionally, photoinitiated thiol−ene and thiol−yne reactions between thiols and either alkenes or alkynes have garnered substantial attention. 29, 30 These click chemistries have been widely explored for fabricating PEG hydrogels, 31, 32 most notably by Anseth et al. and Bowman et al. 33−36 Hydrogels have been photopatterned using both photonic reduction of the copper catalyst to produce CuAAC hydrogels 33, 37 and photonic initiation of thiol−ene reactions. 35, 36 While click chemistry has been used to create or more commonly to functionalize materials below the macroscopic scale, we have found only one example where it was used in cross-linking PEG to fabricate microgel solutions, which were cross-linked within mesoporous silica templates. 38 Surfaces have also been endowed with clickable moieties by grafting clickable PEGs to silicon or glass substrates or by chemically modifying PEG surfaces after deposition.
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SPAAC moieties have also been applied to cellular surfaces, without the concern of copper toxicity. 42 Deposition of azideterminated alkanethiolates onto gold surfaces allows for the creation of clickable self-assembled monolayers (SAMs). 43, 44 Alternatively, thin coatings including a polyelectrolyte film 45 and PEG hydrogel 32 have been cross-linked via click reactions on top of silicon or glass surfaces. Click chemistry has been used for the covalent attachment of PEG coatings to the underlying surface by using substrates such as: alkyne or thiol functionalized silanes and resins, 32, 46, 47 azide functionalized epoxy resins, 48 or a unique cyclooctyne functionalized epoxy silane. 49 In this study, we exploited separate, sequential click reactions for the cross-linking of PEG as well as its attachment to glass surfaces to form thin hydrogel coatings. Using CuAAC we found that we could rapidly generate nanogel solutions from multiarmed PEG-azide and PEG-alkyne monomers and then easily halt the polymerization with the addition of a copperchelating agent to prevent bulk gelation (Scheme 1A). The ability to halt nanogel growth and solution reaction is a unique feature of this system that allows for stable long-term storage, limitless reaction times on surfaces, and monolayer coverage with the hydrogel coating. Nanogel solutions were mixed with a photoinitiator and attached to mercaptosilanated glass using the UV thiol−yne reaction (Scheme 1B). We quantified protein adsorption to this clickable nanogel coating using TIRF microscopy, which enabled single molecule (i.e., single protein) counting, but determined that hybrid PEG/albumin nanogel coatings still greatly outperformed the100% PEG nanogel coatings attached in PBS. However, by attaching the clickable nanogel coatings in the phase-separated state using high concentrations of a kosmotropic salt, we were able to double the packing density (Scheme 1C) and drastically reduce protein adsorption. Attaching linear PEG under phase separation, or "cloud point", conditions has been well-known to successfully increase grafting density though similar results were not obtained with star PEG. 50, 51 We also studied the effects of cross-linking density within the nanogel coating by surface cross-linking residual end groups after attachment (Scheme 2A), which could likewise be performed under phase separation conditions with the addition of salt (Scheme 2B). These modifications produced a surface that was comparable to the PEG/albumin coatings by TIRF. However, AFM revealed drastic changes in coating morphology when coatings were further cross-linked and long-term resistance to cell adhesion was lost. Thus, the best 100% PEG coating that we have studied to date is a clickable nanogel coating attached with salt in the phase-separated state. Other 100% PEG nanogel solutions cannot be conjugated in the phase-separated state due to bulk polymerization, indicating a potentially important orthogonality of copper-catalyzed click chemistry.
■ EXPERIMENTAL METHODS
Materials. Unless otherwise specified, all reagents were purchased from Sigma Aldrich (Saint Louis, MO, USA). Four-and eight-arm PEG-OH MW 10 000 (Creative PEGWorks, Winston Salem, NC, USA), four-arm PEG-alkyne MW 10 000 (Creative PEGWorks), PEGdithiol MW 3400 (Creative PEGWorks), and dibenzocyclooctyne (DBCO-acid, Click Chemistry Tools, Scottsdale, AZ, USA) were purchased commercially. Eight-arm PEG-vinyl sulfone (PEG-VS) and eight-arm PEG-amine were synthesized as described previously, 8 and four-arm PEG-azide and four-arm PEG-cyclooctyne were synthesized as described in the Supporting Information all from PEG-OH MW 10 000. PLL-g-PEG was synthesized in a previous study from PLL MW 375 000 and monomethoxy PEG MW 5000 at a 7:1 grafting ratio. 52 Nanogel Solution Syntheses. Clickable nanogel solutions were synthesized from four-arm PEG-azide and four-arm PEG-alkyne. Each was dissolved to a concentration of 200 mg/mL in a solution of phosphate-buffered saline (PBS) already containing 50 mg/mL sodium L-ascorbate and filtered with 0.22 μm syringe filters. PEG solutions were mixed at equimolar ratios of azides to alkynes, and copper(II) sulfate (10 mg/mL in water) was added at 0.004 equiv per azide/alkyne pair (4 μL per 1 mL of PEG) then immediately vortexed. The mixture was aliquoted into 1.5 mL microcentrifuge tubes and rotated at 40 rpm at room temperature until a nanogel size of 100 nm was surpassed as measured by dynamic light scattering (DLS) in a manner described previously. 8 The reaction was halted by adding 10 equiv of ethylenediaminetetraacetic acide (EDTA; 0.1 M in water) per copper (16 μL per 1 mL of nanogel solution) and vortexed immediately. Nanogel solutions were allowed to mix for an additional hour and then frozen at −80°C. Nanogel solutions cross-linked via Michael addition chemistry were synthesized from PEG-VS and either BSA or PEG-amine as described before and diluted to 100 mg/mL to slow the solution reaction before freezing at −80°C.
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Size Exclusion Chromatography (SEC). Molecular weight distributions were approximated by SEC using a 300 × 8 mm gel filtration column packed with 5 μm particles with 150 Å pore size (Keystone Scientific Inc., Bellefonte, PA, USA). A chelated clickable nanogel solution (200 mg/mL), its precursor PEG-alkyne solution (100 mg/mL) including sodium ascorbate (25 mg/mL), and various solution standards of different MW linear PEGs dissolved in PBS were each injected (10 μL) into a mobile phase of 0.5 M dibasic sodium phosphate in water flowing at 1 mL/min. The column flow through was analyzed with a UV detector at 200 nm and the peaks were integrated using XCalibur software between time points specified by the peak retention times of the linear PEG standards.
Nanogel Coatings. All nanogel coatings were attached to 12 mm round glass coverslips (Ted Pella Inc., Redding, CA, USA) or, for TIRF, 24 × 40 mm rectangular coverslips (Fisher Scientific, Waltham, MA, USA) which were mercaptosilanated as described before. 8 Briefly, coverslips were washed with water, ethanol, and acetone, then immersed in 5% (v/v) solutions of (3-mercaptopropyl)trimethoxy silane (MPTS) in acetone for 1 h at room temperature. Coverslips were washed with acetone and cured for 25 min at 110°C before being stored under vacuum. Volumes of clickable nanogel solutions were mixed 1:1:1 with the photoinitiator 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropionone (Irgacure-2959 or I-2959; 0.15 mg/mL in water) and either PBS or 1.5 M sodium sulfate in PBS. Nanogel solutions without sodium sulfate were incubated on top of the glass surface and under a UV flood lamp (365 nm, 100 W) for 20 min to allow surface attachment by thiol−yne reaction. Alternatively, the coverslips were inverted on top of 100 μL droplets of nanogel solutions which did include sodium sulfate, sandwiching the mixture with an upper PEG-rich phase between the mercaptosilane above and a hydrophobic glass dish below (treated with Sigmacote). After 5 min to allow complete phase separation, these coverslips were exposed to the same UV treatment. Michael addition nanogel solutions were incubated on top of the coverslips at 37°C for 1 h (PEG-VS/BSA) or 40 min (PEG-VS/PEG-amine) and unreacted vinyl sulfone groups capped at 37°C with either 100 mg/mL PEG-dithiol in PBS for 30 min for TIRF or 50 mg/mL BSA or PEG-amine overnight for cell adhesion studies. All coverslips were washed thoroughly with PBS. Clickable nanogel solutions were also attached to glass without UV. Briefly, glass was silanated with (3-chloropropyl)trimethoxy silane as with MPTS above, then subjected to halide−azide exchange by incubating the coverslips with 5 mg/mL sodium azide in dimethylformamide (DMF) for 48 h at room temperature under gentle agitation. 53 The azidosilanated coverslips were then incubated with solutions of 200 mg/mL four-arm PEG-cyclooctyne in PBS for 30 min at 37°C and washed. Clickable nanogel solutions were finally incubated with the cyclooctyne functionalized surfaces for another 30 min at 37°C, attaching via SPAAC. Also, nonsilanated coverslips were incubated with 2 mg/mL PLL-g-PEG in PBS (0.22 μm filtered) for 1 h at room temperature, 52 as a standard for TIRF and cell adhesion. TIRF. Single molecule counting of adsorbed proteins was performed with TIRF microscopy in custom flow cells which attach to the silanated coverslips to form ∼50 μL channels. Nanogel coatings were fabricated in situ as described above, with flow cells being inverted during the UV incubation of clickable nanogel solutions attached with salt. For each experiment, a fresh solution of bovine fibrinogen was fluorescently labeled overnight at room temperature with Cy5 dye (GE Healthcare Biosciences, Pittsburgh, PA). The fibrinogen was dissolved at 2.5 mg/mL in 0.1 M sodium carbonate buffer (pH 9.3) and mixed with 171× molar excess of Cy5 (10 mg/mL in dimethyl sulfoxide; DMSO). Unreacted dye was removed by dialysis. Nanogel coated flow cells were washed with 1 mL of PBS and incubated with the Cy5-labeled fibrinogen for 1 h in the dark at room temperature. The flow cells were washed again and imaged as described before. 12 Briefly, the surfaces were excited with a 640 nm, 40 mW laser and imaged with a Nikon TE-2000 inverted microscope (Nikon, Melville, NY). Five 263.6 μm × 263.6 μm 2 images of each surface were processed with MetaMorph and Matlab, using the average count for each surface. Protein counts were normalized against standards in each experiment to account for variations in fibrinogen concentration and labeling efficiency. Statistical significance (p < 0.05) was calculated in Matlab using ANOVA with a posthoc Tukey-Kramer test.
QCM-D. Mass deposition was measured on 5 MHz quartz crystal sensors with 50 nm silicon dioxide coatings (QSX-303, Q-Sense, Sweden). Sensors were cleaned prior to each experiment with 10 min treatment in a UV-ozone chamber, 30 min incubation in 2% sodium doedecyl sulfate (SDS), thorough rinsing with deionized water, drying under pure nitrogen, and 10 min more of UV-ozone treatment. Cleaned sensors were silanated and immediately placed in the chambers of a Q-Sense E4 (Q-Sense). PBS was flowed over the sensors at 0.1 mL/min for at least 1 h at 22°C, and frequency (F) and dissipation (D) baselines were recorded. The sensors were removed and functionalized as described above, incubating nanogel solutions without salt on top of the sensors and nanogel solutions with salt beneath the inverted sensors during UV treatment. Because the sensors are not transparent, UV light was applied from below in the case of the latter. The nanogel coated sensors were returned to the QSense E4 and PBS was flowed over the sensors for 2 h and baselines recorded. The baselines from before and after coating application were stitched together to measure changes in F and D. Clickable nanogel coatings attached without salt remained under PBS within the Q-Sense E4 and underwent no surface cross-linking. Alternatively, clickable nanogel coatings attached with salt were surface cross-linked by changing to a flow of 1.5 M sodium sulfate in PBS for 5 min and then 1.5 M sodium sulfate, 2 mM copper(II) sulfate, and 50 mg/mL sodium ascorbate in PBS. The temperature was raised to 37°C for all sensors and incubated for 1 h. The clickable nanogel coating attached with salt was washed with a flow of 0.1 M EDTA in PBS for 1 h at 22°C
and then PBS for another 1 h. Changes in mass were modeled with Q-Tools software (version 3.0.16.555, Q-Sense) from F and D changes between the 22°C PBS baselines at 0.1 mL/min flow surrounding each step. The third, fifth, seventh, ninth, and eleventh overtones were input into a single-layer Voigt (viscoelastic) model with constant fluid density (1000 kg/m 3 ) and viscosity (1.0 × 10 −3 kg/(m·s)) assumed. AFM. Nanogel coatings were fabricated on round glass coverslips per normal. Surfaces were kept hydrated and examined under PBS in tapping mode at 1.0 Hz scanning rates using a Veeco Nanoman Scanning Probe Microscope (Veeco Instruments, Plainview, NY) and MESP tips (Bruker AFM Probes, Camarillo, CA, USA) with nominal spring constants of 1 N/m and nominal resonant frequencies of 75 kHz.
Cell Adhesion. Nanogel coatings were fabricated on round glass coverslips per normal and incubated with 2.5 mg/mL fibrinogen for 2 h at 37°C, then washed. 3T3 mouse fibroblasts were seeded on the surfaces at 100 000 cells/cm 2 in Dulbecco's Modified Eagle Medium (DMEM; Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA, USA) and 1% Antibiotic-Antimycotic (ABAM; Life Technologies) and imaged the next day after gentle washing. Surfaces were reseeded every two days until cell adhesion overwhelmed the surface or until 9 seedings. Cell adhesion could alternatively be promoted by conjugating a cysteine-containing cell adhesion peptide, RGD (Seq: Ac-GCGYGRGDSPG-NH 2 ; GenScript, Piscataway, NJ, USA), to the nanogel coating using a UV thiol−yne reaction. Briefly, 200 nmol of RGD (MW 1066.12) in 200 μL of PBS was incubated on the nanogel surface and subjected to UV irradiation for 20 min, allowing covalent reaction between the nanogel solution alkynes and cysteine thiols. Percentage of surface coverage by adhered cells was approximated for some images using ImageJ software. ■ RESULTS AND DISCUSSION Clickable nanogel solutions were successfully created by mixing solutions of four-arm PEG-azide and four-arm PEG-alkyne dissolved in PBS with high amounts of sodium ascorbate and adding small volumes of highly concentrated copper. The rate of growth was effectively modulated with copper concentration (Figure 1 ), which allowed faster production of nanogel solutions than possible with the Michael-type addition. 8 These kinetics resemble those achieved by Hu et al. 54 To allow sufficient time for DLS measurements, we chose a concentration of 0.004 equiv per azide/alkyne for most syntheses resulting in reaction times of approximately 2 h to reach 100 nm. Chelation with 10× EDTA stopped the growth in nanogel size, and in fact, when solutions were remeasured 1 h later showed slight decreases in hydrodynamic diameter (e.g., from 111.7 to 95.0 nm). The reduction in size might stem from eliminating the pseudo-cross-links formed by copper complexes between PEG-alkynes 55 or increased hydrophilicity of the nanogels in the presence of copper, resulting in more swelling of the nanogel before chelation. We verified the capacity of copper(II) sulfate to complex multiple alkynes by adding a high concentration of copper, 0.5 equiv, to a 20% (w/v) solution of PEG-alkyne dissolved in PBS with 50 mg/mL sodium ascorbate to form a solid hydrogel. This gel was dissolved when incubated in 0.1 M EDTA overnight. Nanogel formation was further corroborated by the large shift in molecular weight distribution observed when comparing SEC profiles of PEG-alkyne to that of a 120 nm nanogel solution ( Figure S1 ). The shift was quantified by integrating the areas between multiple time points established by linear PEG benchmarks of various molecular weights and showed large increases in fractions larger than PEG 35 000 and PEG 100 000 and a marked decrease in the fraction smaller than PEG 8000 (Table 1) . This demonstrates the presence of nanogels in these partially polymerized solutions, and in much greater proportions than expected from Flory− Stockmeyer statistics. 8 The ability of the clickable nanogel coatings attached to mercaptosilanated glass to resist protein adsorption was quantified using TIRF microscopy to count individually adsorbed, fluorescently labeled proteins (Figure 2) . The irradiation time of 20 min used to attach the coatings was selected as long enough to cross-link 100 μL bulk hydrogels of 50 mg/mL four-arm PEG-alkyne with equimolar amouts of PEG-dithiol, but short enough to minimize evaporation induced from the lamp heat. Controls including Michael addition nanogel solutions of PEG-VS cross-linked with either BSA (VS:BSA) or PEG-amine (VS:Am) were also evaluated. Cy5-labeled fibrinogen was used as a model protein relevant to blood contacting biomaterials, but we found that 1 h incubations at physiological concentration (2.5 mg/mL) saturated even the best coatings, such that adsorbed proteins could not be individually resolved and counted. Adsorption to most nanogel coatings was quantified using a 1:100 dilution of the physiological concentration (Figure 2A ), while adsorption to several less resistant coatings was quantified using a 1:1000 dilution ( Figure 2B ). Previously, VS:BSA nanogel coatings were shown more resistant to IgG adsorption 12 and cell adhesion 8 than VS:Am nanogel coatings. Here, we confirmed the extremely low amount of fibrinogen adsorption on the VS:BSA nanogel coatings by TIRF and compared the resistance to the commonly used noncovalent coating PLL-g-PEG. While PLL-g-PEG has performed well at resisting protein adsorption as measured by relatively insensitive measurements such as optical waveguide lightmode spectroscopy (OWLS), here we found that PLL-g-PEG adsorbed too much fibrinogen to quantify by TIRF (Figure 2A) . Furthermore, although the VS:Am nanogel coating adsorbed more than 100× the number of fibrinogen molecules as that of the VS:BSA nanogel coating, the VS:Am coating was still superior to PLL-g-PEG. Clickable nanogel coatings attached in PBS (i.e., not phase-separated) could not be quantified at the standard fibrinogen dilution of 1:100, similar to PLL-g-PEG. At a 1:1000 dilution of fibrinogen, clickable nanogel coatings attached in PBS adsorbed more than 2× the number of proteins as the VS:Am nanogel coatings ( Figure 2B ). The 2-fold difference between the clickable and VS:Am nanogel coatings was unexpected, as both are composed of 10 kDa PEG monomers cross-linked by different chemistries into similarly sized nanogel solutions. This discrepancy may be due to differences in the nanogel architecture, considering the VS:Am nanogel solutions utilize 8-arm PEGs and the clickable nanogel solutions utilize 4-arm PEGs. Differences in arm length, mesh sizes, or density of unreacted chains might account for this result, but the mechanism remains unknown. Also, potential effects of positively charged amine groups within the VS:Am nanogel coating on resisting fibrinogen adsorption cannot be discounted. We then tested the resistance to fibrinogen adsorption of clickable nanogel solutions attached with salt in the phaseseparated state. When the clickable nanogel solutions were mixed with sodium sulfate to a final concentration of 500 mM, they became cloudy and rapidly phase-separated within minutes to produce a densely packed PEG-rich phase atop the solution. Glass flow cells were inverted to juxtapose the mercaptosilanated surface to the PEG-rich phase during attachment of the clickable nanogel solution, resulting in a 10-fold reduction in protein adsorption (Figure 2A ). Clickable nanogel solutions attached with salt in the phase-separated state were superior to VS:Am nanogel coatings but inferior to VS:BSA coatings ( Figure 2A ). VS:BSA and VS:Am nanogel solutions cannot be attached in the same manner without resulting in visibly thick hydrogel films. The Michael addition reaction between vinyl sulfones and amines occurs at a non-negligible rate at the higher PEG concentrations that develop after phase separation and the nanogels rapidly cross-link into microspheres and larger aggregates. 56 The other processing step studied via TIRF was the surface cross-linking of residual PEG chains left unreacted after nanogel formation and surface attachment (Figure 2A) . Surface crosslinking was carried out by incubating the clickable nanogel coatings in PBS spiked with sodium ascorbate and copper for 1 h at 37°C. In attempting to stitch the nanogel coatings into more densely packed hydrogel films, surfaces were also incubated in 1.5 M salt to induce phase separation along with sodium ascorbate and various concentrations of copper to promote graduated extents of cross-linking. Surface crosslinking with 2 mM copper in either PBS or 1.5 M salt provided modest improvements in resisting protein adsorption. Incubation in salt without any copper had no significant effect on overall protein adsorption but had larger variability than seen otherwise. Addition of higher amounts of copper (8 mM) eradicated any substantial resistance to protein adsorption. These saturated protein counts most likely originate from damage to the surface caused by stress introduced by the additional cross-linking. Large areas available for protein adsorption seem to be visible under TIRF microscopy when compared to fluorescent images of other nanogel coatings ( Figure S2 ). Surface cross-linking was replicated in VS:BSA and VS:Am nanogel coatings by incubating the coatings in PBS or 1.5 M salt overnight at 37°C. These incubations provided some extended opportunity for the slower Michael-type crosslinking reaction, before vinyl sulfones were capped per usual. While cross-linking (i.e., incubation) in PBS provided no notable changes, cross-linking in 1.5 M salt slightly worsened the VS:Am nanogel coating and obliterated the resistance of the VS:BSA nanogel coating. The VS:BSA and VS:Am coatings were visibly damaged by the phase separation process ( Figure  S3 ), providing evidence for the potentially damaging effects of internally cross-linking such thin surface coatings.
To be certain that the observed differences in protein adsorption were not a product of the variability in nanogel size, we produced three stocks of different VS:BSA nanogel sizes and two stocks of different clickable nanogel sizes from the same precursor solutions of each type. Coatings produced from all sizes of the VS:BSA nanogels (53−102 nm) still outperformed coatings produced from all sizes of clickable nanogels attached with salt without surface cross-linking (84−128 nm) by similar margins (Figure 3) . The data seem to suggest that all the Figure 2 . Cy5-labeled fibrinogen molecules were counted using TIRF on PLL-g-PEG (orange) coatings as well as VS:BSA (red), VS:Am (blue), and clickable (green) nanogel coatings. Nanogel coatings were studied across a matrix of conditions including attachment with salt and surface crosslinking of the coating. Surface cross-linking was achieved in the VS:BSA and VS:Am nanogel coatings by incubating overnight in PBS or 1.5 M salt before capping the reactive groups and by incubating the clickable nanogel coatings in PBS or 1.5 M salt spiked with sodium ascorbate and various amounts of copper for 1 h. Protein counts were normalized against standard nanogel coatings of (A) VS:BSA or (B) VS:Am. Fibrinogen was incubated for 1 h at a (A) 1:100 dilution or (B) 1:1000 dilution of physiological concentration (2.5 mg/mL) and oversaturated counts were marked using (/\). Statistical significance (p < 0.05) was determined for (A) and (B) separately on unsaturated counts relative to the conditions referenced in the final row with (*, **, #). Data are presented as mean ± standard deviation. Figure 3 . Counts of Cy5-labeled fibrinogen adsorbed at 0.025 mg/mL were compared across coatings produced from three different sizes of VS:BSA nanogels (red) and two different sizes of clickable nanogels attached with salt without surface cross-linking (green). The large differences in nanogel size do not account for the consistently lower levels of protein adsorption seen on VS:BSA coatings. Data are presented as mean ± standard deviation (n = 2). nanogel sizes examined are above a threshold necessary to achieve maximal surface coverage on the silanated glass. However, nanogel formation remains critical in achieving low protein adsorption as evidenced by previous comparisons of VS:BSA nanogel solutions to monolayers of eight-arm PEG-VS. 12 We hypothesized that the drastic improvement in protein resistance of the clickable nanogel coatings when attached with salt was due to increased PEG concentrations in the phaseseparated state. We expected that collapsed nanogels would attach at higher packing densities than in the swollen state. Indeed, QCM-D found that the nanogel coatings attached with salt had approximately twice the increase in surface density as the nanogel coatings attached without salt ( Table 2 ). The clickable nanogel coatings were attached ex situ under UV and QCM-D baselines measured from before and after coating the sensors were stitched together to model changes in mass. We measured the error that could be expected from removing these sensors during analysis by replicating the procedure with sensors that were left unmodified then returned to PBS flow. The magnitude of error (244 ± 214 ng/cm 2 ; 2.44 ± 2.14 nm of water) was found to be negligible relative to the masses of the nanogel coatings measured. The equivalent thickness of water provides a maximum estimate for the coating thickness, as we assume the nanogel coatings, comprising unknown proportions of PEG and water, to be perhaps slightly denser than water. VS:BSA nanogel coatings were previously determined to be 1001.2 kg/cm 3 using a combination of QCM-D and OWLS. 8 As nanogel packing density will affect the mass measurement and this calculation of average thickness, the clickable nanogel coating attached without salt (50.3 nm) appears to be packed less densely than the VS:BSA nanogel coating (75.2 nm, previously reported 8 ). However, if the clickable nanogel coating is attached with salt the average thickness increases (106.4 nm) beyond that of the VS:BSA nanogel coating. Increased packing density clearly improved the clickable nanogel coating's resistance to protein adsorption measured by TIRF, but could not alone account for the low levels found on VS:BSA nanogel coatings. Clickable nanogel coatings attached with salt seem to approach maximal packing density as the average thickness is near the approximate 100 nm diameter of the nanogels.
Changes in mass (and their equivalent thicknesses for masses of water) were measured with QCM-D for two types of clickable nanogel coatings, including one attached without salt and one attached with salt. The coating attached with salt underwent surface cross-linking in 1.5 M salt with 2 mM copper. The coating attached without salt did not undergo surface cross-linking but was incubated in PBS and raised to 37°C as well during this step. The clickable nanogel coating attached with salt was further used to study in situ the effects of surface cross-linking in 1.5 M salt with 2 mM copper. The very slight fluctuation in mass observed during this step (80 ng/cm 2 ) was actually less than that observed on the clickable nanogel coating attached without salt, which remained incubated in PBS but was subjected to the same temperature of 37°C during this step (510 ng/cm 2 ). This confirms that the nanogel coating was well washed after attachment and that subsequent addition of copper did not attach any residual PEG in solution but only cross-linked the existing hydrogel structure.
Multiple nanogel coatings were analyzed with tapping-mode AFM under PBS to assess topological differences that arise from the conditions explored (Figure 4) . Phase profiles were examined in addition to height profiles, revealing changes in material properties along the surface. Images of clickable nanogel coatings became distinctly less resolute and more difficult to obtain when attached with salt ( Figure 4A vs Figure  4B ). Although not all the nanogels of this coating are individually resolvable, AFM did not detect any deep gaps in surface coverage as evidenced by the relatively small height changes measured (less than 5 nm). It is more likely that the nanogels are packed so tightly together that the boundaries of these soft particles are actually intermeshed, impeding the ability of AFM to detect their edges. On the other hand, extended overnight surface cross-linking in 1.5 M salt with 1 mM copper strongly improved resolution of the clickable nanogel coating attached with salt ( Figure 4C ), enabling imaging on smaller spatial scales ( Figure 4D) . The phase profile clearly shows a tightly packed coating of spherical nanogels. These surfaces also exhibit curious circular patches of raised nanogels that were especially well resolved by AFM. We can assume that nanogel coatings attached with salt but without surface cross-linking are packed just as tightly since the surface attachment step is identical. Nanogels of all coatings measure reasonably close to 100 nm. Some shrinking in the final nanogel size might be expected with surface cross-linking in 1.5 M salt. However, the high packing density of these coatings may allow some reduction in nanogel size without compromising surface coverage. Otherwise, interstitial gaps may begin to appear between the nanogels as they shrink. This might explain why surface cross-linking in 1.5 M salt did not garner significant improvements in the VS:BSA or VS:Am nanogel coatings studied with TIRF. Interstitial gaps resulting from nanogel shrinkage or stress-induced surface damage may prove to be quite detrimental as they may allow adsorption of proteins that are smaller than fibrinogen within the gaps.
Nonspecific cell adhesion was examined as a corroborative, although less sensitive method of qualifying protein adsorption, as cells attach to artificial surfaces via layers of adsorbed proteins. Surfaces were, therefore, first incubated for 2 h with 2.5 mg/mL fibrinogen to more quickly elicit any possible cell adhesion responses. We studied most of the same conditions investigated with TIRF with all surface cross-linking being performed overnight ( Figure 5 ). Additionally, controls of a PLL-g-PEG coating, a common nonfouling surface, and an RGD-conjugated clickable nanogel coating attached with salt without surface cross-linking were seeded. Despite its inferior Figure 5 . Cell adhesion of 3T3 fibroblasts was examined one day after the first seeding at 100 000 cells/cm 2 on several surfaces that were incubated with 2.5 mg/mL fibrinogen for 2 h at 37°C. Surface cross-linking was allowed overnight on some VS:BSA and VS:Am nanogel coatings before capping and implemented with 2 mM copper overnight on some clickable nanogel coatings both at 37°C. Additionally, control surfaces of PLL-g-PEG adsorbed to glass, and clickable nanogel solutions attached with salt with no surface cross-linking and conjugated to RGD via a UV thiol−yne reaction were examined. Approximate percentage of surface coverage by adhered cells is indicated in the insets. The scale bar represents 1 mm.
resistance to protein adsorption as measured by TIRF, the PLLg-PEG coating completely resisted cell adhesion. Although the lack of correlation between results is surprising, other examples exist of PEG surfaces with relatively high protein adsorption that also resist cell adhesion. 57 Adhesion of well-spread cells to the RGD-conjugated coating demonstrates the effectiveness of the UV thiol−yne chemistry for the attachment of cysteinecontaining peptides and demonstrates a lack of toxicity from the leaching of any residual copper. Again, the VS:BSA nanogel coatings performed very well with no significant cell adhesion after 1 round of seeding. However, both the VS:Am nanogel coating and the clickable nanogel coating attached with salt without surface cross-linking appeared equally cell free, despite the disparities seen with TIRF. The clickable nanogel coatings attached without salt performed noticeably worse, as expected, but displayed some degree of resistance to cell adhesion. Subtle long-term increases in cell adhesion were observed on the clickable nanogel coatings attached with salt without surface cross-linking versus the VS:BSA and VS:Am nanogel coatings without surface cross-linking, as seen after 5 rounds of cell seeding ( Figure S4 ).
The surface most drastically affected by surface cross-linking was the clickable nanogel coating attached with salt. Surface cross-linking greatly increased cell adhesion on both clickable nanogel surfaces cross-linked with copper in PBS and 1.5 M salt, in contrast to the improvements observed with TIRF. The coatings cross-linked with copper in PBS especially demonstrated an immediate and complete deterioration of its ability to resist cell adhesion, with a complete monolayer of well-spread cells forming after 1 seeding. Surface cross-linking within these coatings may have an exaggerated effect because the higher packing density achieved by attachment with salt should allow for more cross-linking opportunities and potentially less damage to the surface. It is difficult to determine why the TIRF and cell adhesion results conflict, but is important to note that other proteins found in the media serum that are much smaller in size than fibrinogen may contribute to cell adhesion, e.g. vitronectin. While we did not study the mechanical properties of our coatings, stiffer (more cross-linked) hydrogels do not necessarily enhance cell adhesion, 58 and so increased stiffness from surface cross-linking would not necessarily account for our observations. Importantly, the cell adhesion results agreed with TIRF on the superiority of clickable nanogel coatings attached with salt versus those attached without salt if the surface cross-linking step was omitted.
Surface cross-linking of the VS:BSA nanogel coating in 1.5 M salt led to adhesion of large cell aggregates, consistent with the increase in protein adsorption measured by TIRF. The VS:Am nanogel coating with surface cross-linking in 1.5 M salt, on the other hand, initially maintained its resistance for several rounds of cell seeding but then rapidly deteriorated after 5 rounds of cell seeding ( Figure S4 ). The VS:BSA and VS:Am nanogel coatings with surface cross-linking in PBS maintained similar resistance to cell adhesion as their counterparts with no surface Figure 6 . Cell adhesion of 3T3 fibroblasts was examined one day after the ninth seeding at 100 000 cells/cm 2 on several surfaces that were initially incubated with 2.5 mg/mL fibrinogen for 2 h at 37°C. Surface cross-linking had been allowed overnight on some VS:BSA and VS:Am nanogel coatings before capping and implemented with 2 mM copper overnight on some clickable nanogel coatings both at 37°C. Approximate percentage of surface coverage by adhered cells is indicated in the insets. The scale bar represents 1 mm.
cross-linking until about 9 rounds of seeding, when subtle declines were observed (Figure 6 ). However, the extent of surface cross-linking that actually occurred overnight without salt-induced phase separation may be mild. The VS:BSA nanogel coating has been shown previously to resist fibroblast adhesion for up to 3 weeks. 8 Few other studies on biocompatible surface coatings attempt to examine long-term cell adhesion. Most often, surface coatings are evaluated for long-term stability by patterning cells onto selectively adhesive regions of the surface and monitoring the long-term pattern integrity, which deteriorates as cells migrate onto and firmly adhere to the protein resistant regions. Study to study comparisons are difficult as cell type, cell seeding density, media content, substrate material, and the various strategies for attaching the chemically similar polymers may affect results. The dimensions, shapes, and ligands used to promote adhesion in patterned cell studies add additional sources of variability, making studies that compare multiple types of coatings valuable. Still, several of the best examples of PEG coatings demonstrate superb resistance to fibroblast adhesion for multiple weeks similar to our results, but not necessarily for multiple months. Patterned oligo(ethylene glycol) terminated SAMs began to collapse after 1 week, 59 PLL-g-PEG grafted at high temperatures maintained pattern integrity for at least 36 days, 51 and PEG-functionalized polymer brush coatings resisted twice-a-week cell seedings for 3 weeks after which gradual increases in adhesion were observed. 60 Finally, we also demonstrated that clickable nanogel solutions could be attached in a UV-free process to cyclooctyne functionalized azidosilanated glass, exhibiting comparable resistance to cell adhesion after 1 seeding ( Figure S5 ). However, for unknown reasons, these clickable nanogel coatings produced saturated counts on TIRF (data not shown).
■ CONCLUSION
We have shown click chemistry to be a useful tool in the facile synthesis and attachment of 100% PEG nanogel coatings. Particularly, fabrication of nanogel solutions by CuAAC enabled attachment to surfaces in the phase-separated state without risk of bulk gelation. The increased nanogel surface density resulted in greatly improved resistance to protein adsorption by TIRF. The additional step of surface crosslinking was also easily performed with CuAAC and showed that higher cross-linking densities provide modest improvements in resistance to fibrinogen adsorption, but greatly negatively impacted resistance to cell adhesion. These clickable nanogel coatings represent the best coatings of 100% PEG that we have examined for short-term protein resistance by TIRF and provide new insights into structural properties of coatings that affect the adsorption of proteins. The use of clickable functionalities further eliminates any nonspecific conjugations to biomolecules that might occur through either reaction with insufficiently capped vinyl sulfone groups or electrostatic interactions with amine groups. However, the results further establish that PEG/albumin nanogel solutions are superior for producing protein resistant coatings, suggesting synergy between the PEG and albumin in resisting protein adsorption and cell adhesion. Lack of long-term resistance to cell adhesion currently precludes these particular PEG nanogel coatings and similar surface coatings from in vivo applications, including biosensors and medical implants. However, as we have demonstrated significantly lower levels of protein adsorption compared to PEG-g-PLL and other previously studied coatings, the nanogel coatings seem to comprise superior surfaces for in vitro biological diagnostics or other applications requiring strong short-term resistance to protein adsorption.
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